Background: In spite of the multimodal treatment used today, glioblastoma is still the most aggressive and lethal cerebral tumour. To increase survival in these patients, novel therapeutic targets must be discovered. Signal transducer and activator of transcription 3 (Stat3), a transcription factor that controls normal cell differentiation and survival is also involved in neoplastic celltransformation. In this study we evaluated the immunohistochemical expression of pY705-Stat3 in patients with primary glioblastoma and determined its prognostic role by correlating it with survival. Methods: This retrospective study included 94 patients diagnosed with glioblastoma. We determined the localization, number of positive cells, and marker intensity for pY705-Stat3 in these patients with the use of immunohistochemistry. The prognostic role was determined by correlating pY705-Stat3 expression on formalinfixed paraffin-embedded tumour tissues with the patient's survival in univariate and multivariate COX regressions. Results: We found a statistically significant difference in survival between the patients with more than 20% pY705-Stat3 positive cells and those with less than 20% pY705-Stat3 positive cells (8.9 months median survival versus 13.7 months medial survival, p < 0.001). On multivariate analyses with the COX proportional hazards regression model including pY705-Stat3 expression, age and relapse status, pY705-Stat3 status was an independent prognostic factor in glioblastoma (P < 0.001).
Background
According to the 2016 WHO classification, glioblastoma is classified as a grade IV, being known to be one of the most lethal brain tumours [1] . Standard treatment includes surgical resection followed by adjuvant radiotherapy and chemotherapy [2] . Despite the multimodal treatment used at present, median survival remains very low, and new therapies are required to increase survival in these patients [3] .
From a histopathological point of view, glioblastoma is characterized by necrosis and microvascular proliferation, elements that reflect an intra-tumour heterogeneity in terms of cell adaption to hypoxia [1] .
Adaptation to hypoxia leads to the specific activation of the genetic programs and signalling pathways that are also involved in the stem-like phenotype or epithelialmesenchymal (EMT) transition, with the subsequent increase in resistance to chemotherapy and radiotherapy [4] [5] [6] . Recent studies that have attempted to decode the molecular mechanisms involved in hypoxic cell adaptation in glioblastoma have shown that the major signalling pathways activated in hypoxia are those of the hypoxic inducible factor 1α (HIF-1α) vascular endothelial growth factor (VEGF), transforming growth factor beta (TGFβ), mammalian target of rapamycin (mTOR), CD133, as well as of signal transducer and activator of transcription 3 (Stat3) [6] [7] [8] [9] .
Stat3 protein is a regulator of cell survival, proliferation, differentiation and apoptosis; it also regulates cell adaptation to hypoxia by stimulating angiogenesis in several types of cancers [6] [7] [8] [9] [10] [11] . As a transcription factor, Stat3 is activated by phosphorylation; after dimerization it translocates into the nucleus, where it binds to the DNA, activating specific cellular pathways [12] .
Elevated levels of Stat3 have been highlighted in various types of cancer, including thyroid cancer, melanoma, prostate cancer, Hodgkins lymphoma, breast cancer, hepatocellular carcinoma and glioblastoma [11, 13] . Being involved in numerous signalling pathways and overexpressed in tumour cells compared to normal tissues, Stat3 is considered to be a potential target for future antitumor therapies [10, 12] .
In vitro studies have demonstrated the role of Stat3 in glial tumour biology, especially in glioblastoma, being directly involved in maintaining the stem-like phenotype, EMT (epithelial-mesenchymal transition), resistance to alkylating agents such as temozolomide (TMZ) and radiotherapy [5, 14, 15] . Furthermore, in vitro inhibition of Stat3 activation in glioblastoma resulted in a decrease in the proliferative capacity and an increase in cellular sensitivity to TMZ treatment [10, 15, 16] . Although there a wide a range of in vitro studies showing the importance of Stat3 in glioblastoma, there are only a few clinically oriented studies that correlate Stat3 expression with patient survival [17] [18] [19] .
In this study, we evaluated the prognostic role of the immunohistochemical expression of p-Stat3Y705 in a series of primary glioblastoma patients. In addition, we attempted to establish a threshold for the immunohistochemical expression of this marker that has prognostic significance.
Methods

Patients
This retrospective study included 94 patients diagnosed with glioblastoma. Formalin-fixed paraffin-embedded tissue samples were obtained from the archive of the Emergency County Hospital Pathology Department in Cluj-Napoca, Romania. The patients were operated in the period 2009-2015 in the Neurosurgery Department of the same institution. All patients underwent the standard postoperative treatment (chemotherapy and radiotherapy). Patients were regularly checked according to standard protocols. The overall survival time was measured from the time of the first diagnosis of glioblastoma until death.
The diagnosis of glioblastoma was confirmed by two experienced pathologists (SS and DC) in line with the current WHO classification system [1] . We examined the medical record of each patient to determine age, gender, tumour volume (calculated by the product of the three diameters of the tumor divided by 2 [20] , tumour localization, relapse and survival.
The study was conducted with the approval of the Ethics Committee of the Iuliu Haţieganu University of Medicine and Pharmacy Cluj-Napoca, Romania.
Immunohistochemistry
Immunohistochemistry was performed automatically on 3-μm-thick sections of formalin-fixed and paraffinembedded tumour specimens with DAKO Omnis®, using the ethylenediaminetetraacetic acid (EDTA), at pH = 9, for antigen retrieval. For the immunohistochemical assessment of Stat3 expression, the specimens were incubated overnight at 4°C with Phospho-Stat3 (Tyr705) antibody, clone D3A7 (Cell Signalling Technology, Inc., Danvers, MA) at a 1:400 dilution. Positive and negative controls were used in line with the recommendation of the manufacturer. We assessed the percentage of Stat3 positive tumour cells (0-100%) and immunostaining intensity (absent, poor, moderate or intense). For all cases the area of necrosis was assessed by morphometry, using an Olympus BX 46 microscope. Images were taken with an Olympus UC 30 camera system with UI52 with an infinity correction optical system and processed in the LabSense 1.2 Olympus Software by GmbH Imaging Solutions.
The slides were read independently by two experienced pathologists with no knowledge of clinical data. In the case of divergent results, the slides were reviewed by both pathologists working together, and consensus was reached. The K score for the two pathologists that analysed the specimens was 0.81.
Statistical analysis
Categorical data were presented as absolute and relative frequencies. Continuous data that did not follow the normal distribution were presented as the median and interquartile range (IQR). Overall survival (OS) was defined as the period from the primary surgery until death of the patient. We considered a 20% positivity of tumour cells as a cut-off for STAT3 immunopositivity, which respected the proportional hazard assumption for the Cox regression. The cut-off point was initially set to > 0, > 5%, and then increased to 10%, and then 20%. We increased the cut-off points because the proportional hazard assumption was not met for > 0, 5, 10%, but it was met for 20%. Comparisons between groups in respect of survival were performed using the long-rank test, and presented with a Kaplan Meier plot. The STAT3 immunopositivity was assessed univariately and then in a multivariate model (adjusting for age and tumour localization) using Cox proportional hazards regression analysis. We checked the proportional hazard assumption with a formal test. Results were expressed as a hazard ratio and its corresponding 95% confidence interval. A two tailed p-value less than 0.05 was considered as statistically significant. All analyses were performed in R environment for statistical computing and graphics, version 3.2.3. Table 1 presents the characteristics of the patients included in our study by age, gender, tumour volume, location and clinical evolution (death and relapse).
Results
Regarding localization, the tumours were mainly located in the frontal, parietal, temporal and occipital lobes. Other locations included: brainstem, cerebellum, pineal zone, basal ganglia, corpus callosum. All patients received multimodal treatment (surgery followed by radiotherapy and chemotherapy). Data regarding the actual treatment received were available for 53 patients (44 received both radiotherapy and chemotherapy, and three received radiotherapy). The doses were 75 mg/m 2 for TMZ, and 60 Gy in 15 fractions for the radiotherapy.
Stat3 immunohistochemistry
We found p-Stat3 Y705 immunopositive cells in 89% of our glioblastoma cases. The percentage of p-Stat3 Y705 positive cells was low, with less than 5% positive cells in 18 (19.78%) cases, intermediate, with positive cells between 5 and 9% in 23 (25.27%) cases, and high, with more than 10% Stat3 positive cells in 50 (54.95%) cases. The intensity of the nuclear staining was absent in 10 (11%), poor in 43 (47.3%), moderate in 36 (39.6%) and intense in 2 (2.2%) of the cases. To assess the immunohistochemical marker, the entire tumour surface was analysed. This has the advantage of highlighting the number of positive cells, the intensity of the marker, and the distribution of positive cells across the entire tumour surface. In our series, we could observe heterogeneity, the cells being positive for p-Stat3 Y705 at the nuclear level mainly in the perinecrotic areas and at the tumour invasion front ( Figs. 1 and 2) . p-Stat3 Y705 immunohistochemical expression influences survival in glioblastoma. We found a statistically significant survival difference between subjects with more than 20% p-Stat3 Y705 positive cells (17 months median follow-up), who had better survival rates than those with less than 20% positive cells (8 months median follow-up), p < 0.001, log-rank test (Fig. 3) .
The same observation holds true in the Cox proportional hazards regression (HR) model in univariate and then in multivariate analyses, including p-Stat3 Y705 expression status (> 20%) even after adjusting for age and different tumour localization ( Table 2) . Age remains an important survival predictor. Localization was not associated with survival, and only parietal localization was close to the statistically significant level as a predictor factor. Furthermore, we created other models to adjust for other prognostic factors besides p-Stat3 expression ( Table 3) . Thus, we added gender, tumour volume, and necrosis, and p-Stat3 Y705 expression status was an independent prognostic factor in glioblastoma (P < 0.001). None of the adjusted factors was statistically significant associated with survival, except age and parietal localization.
Discussion
In this study, we evaluated the p-Stat3y705 expression in a group of primary glioblastomas by immunohistochemistry and correlated the expression with the overall survival. In our study, an increased number of immunopositive p-Stat3y705 cells correlated with a reduced overall survival. Our data are in line with those of previous studies reporting that an increase of Stat3 level associates with a poor prognosis in glioblastoma patients, highlighting the clinical value of Stat3 evaluation for patients with glioblastoma [17] [18] [19] . These results support the importance of a routine immunohistochemical evaluation of the phosphorylation status of p-Stat3y705 as a prognostic marker of clinical interest for patients with glioblastoma regardless of age or relapse status. It is important to note that by evaluating the whole tumour surface, we observed a specific localization for Stat3 immunopositivity in cells that surround the necrotic areas, but also in cells located at the tumour invasion front. This suggests the presence of an intratumoural heterogeneity of cells in terms of the activated intracellular signalling pathways and could account for the resistance of a subset of cells to the current treatment, and the high relapse rate.
The perinecrotic localization of p-Stat3y705 immunopositive cells suggests the activation of the signalling pathways involved in cellular adaptation to hypoxia, Stat3 being a potent activator of HIF-1α, and VEGF [19, 21] . HIF-1 can also be activated by mTOR proteins, either directly or via the STAT3 pathway [22, 23] . HIF-1 is known to be involved in stimulating tumour motility and radio resistance to current therapies, explained by the formation of "palisades" due to an outward migration of tumour cells toward the more vascularised zones [19, 24, 25] . VEGF can be up-regulated either by Stat3 and/or by HIF-1. Through its expression, it promotes the activation of neoangiogenesis in glioblastoma, highlighting the role of Stat3 in cellular adaptation in extreme conditions [7, 21, 26] . Furthermore, Stat3 is an activator of the epithelial-mesenchymal transition (EMT) process in glioblastoma, both through TGFβ and HIF-1α, thus enhancing tumour high motility, invasiveness and chemo resistance, which could account for the positivity of cells at the invasion front [27] [28] [29] [30] . HIF-1 and Stat3 can also activate the transcription of zinc finger transcription factor (ZEB) proteins, especially ZEB1, which promotes EMT, migration and invasion [31, 32] . Stat3 activation in the invasion front cells could be an important observation. After surgical resection, these cells dispersed in the normal brain are at the origin of tumour recurrence. Developing inhibitors that target the signalling pathways activated specifically in cells at the tumour invasion front could lead to a more effective postoperative therapy.
Glioma stem cells (GSC) are a subtype of cells found in glioblastoma that are involved in tumour recurrence, initiation and invasiveness [33] . GSC are also believed to be involved in tumour chemo-and radio resistance to therapy [34] . CD133, a surface protein, is a known marker for GSC, its expression being correlated with tumour malignancy [23] . In low oxygenated cells, HIF-1α, mTOR, TGFβ and Stat3 levels were shown to increase CD133 expression in tumour cells, promoting Fig. 2 a Tumour cells dispersed in the normal brain (HE 20X). b Immunohistochemical expression for p-Stat3Y705 at the tumour invasion front. We can evidence an increased intensity of expression where the tumour invades the normal brain tissue (20X) GSC formation and proliferation [6, 9, 14, 35, 36] . Altogether, hypoxia and Stat3 are involved in promoting glioblastoma stem-like cells, thus increasing tumour resistance and invasiveness [37] [38] [39] .
O6-methylguanyl DNA methyltransferase (MGMT) is an enzyme that helps repair the damaged DNA sequence in glioblastoma, preventing alkylating chemotherapic agents such as TMZ to be fully efficient [40] . Epigenetic hypermethylation of the MGMT promoter silences the gene predicting a favourable response to alkylating chemotherapy in glioblastoma patients [41, 42] . Therefore, MGMT promoter methylation status can be used as a marker for resistance to treatment with alkylating agents, especially in elderly patients, where chemotherapy in un-methylated tumours evidenced minimal benefit [40, 43] . Stat3 expression is required for MGMT activity, and inhibition of Stat3 leads to a downregulation of MGMT, favouring TMZ therapy [16] .
Regarding the in vitro studies that have evaluated Stat3 inhibition in GMB, Han el al showed that Cpd188 is able to enhance the effect of chemo-radiotherapy treatment for the cell lines with a p-Stat overexpression [44] . Another study has provided data regarding molecular mechanisms underlying hypoxia-induced glioma cell autophagy, evidencing that the inhibition of IL6-Stat3 axis represses autophagy in glioblastoma cell lines in vitro [45] . The same study has demonstrated a certain level of efficiency by blocking Il6 receptor with tocilizumab. Given that Stat3 is situated at the interconnection of signalling pathways that controls the cellular processes involved in hypoxia, resistance to treatment, EMT, the stem-like phenotype and migration, it could be interesting to consider STAT3 inhibitors as a potentially therapeutic approach in glioblastoma treatment [15, 16, 46] . Stat3 inhibitors are currently an important issue, as early clinical data has shown promising results in EGFR mutation-positive non-small cell lung cancer. However, more research is required to understand the different mechanisms that lead to the activation of STAT3 in order to design robust Stat3-targeted therapies [15] . Another example of inhibitors targeting Stat3 at different levels and currently used in clinical trials are: STAT3 antisense oligonucleotide (advanced stage/metastatic hepatocellular carcinoma) or STAT3 SH2 domain binder (multiple myeloma, non-Hodgkin lymphoma, acute myeloid leukaemia, chronic myeloid leukaemia) [47] . Overall, these data could open the perspective for future clinical trials using Stat3 inhibitors in glioblastoma.
As with any observational study, potential confounders that were not taken into account could influence the observed results. We used multivariate analysis and we adjusted for several variables, but we didn't include the different treatment timing/dosages.
Conclusion
Our results show that Stat3 expression can be evaluated by immunohistochemistry and has an important prognostic role in glioblastoma. Therefore, clinical approaches should consider including a Stat3 inhibitor in the therapeutic protocol in order to improve tumour response to radiotherapy and chemotherapy. Furthermore, another observation of our study is the preferred localization of Stat3 positive cells at the nuclear level of tumour cells in the perinecrotic areas and at the tumour invasion front. This discovery could suggest the presence of heterogeneous cell populations that are involved in tumour development and treatment resistance. In order to better understand the malignant potential of glioblastomas, we should consider glioblastoma consists of distinct cell subpopulations. This approach could uncover molecular contexts of susceptibility that will accelerate the development of new therapies targeting cells that matter. 
